Abstract-Nowadays, there is interest in developing gammaray measuring devices based on the room temperature operated medium resolution detectors such as semiconductor detectors of the CdZnTe type and scintillators of the LaBr3 type. This is true also for safeguards applications and the International Atomic Energy Agency (IAEA) has launched a project devoted to the assessment of medium resolution gamma-ray spectroscopy for the verification of the isotopic composition of U and Pu bearing samples. This project is carried out within the Non-Destructive Assay Working Group of the European Safeguards Research and Development Association (ESARDA). In this study we analyze medium resolution spectra of U and Pu standards with the aim to develop an isotopic composition determination algorithm, particularly suited for these types of detectors. We show how the peak shape of a CdZnTe detector is influenced by the instrumentation parameters. The experimental setup consisted of a 500 mm 3 CdZnTe detector, a 2x2 inch LaBr3 detector, two types of measurement instrumentation -an analogue one and a digital one, and a set of certified samples -a 207 Bi point source and U and Pu CBNM standards. The results of our measurements indicate that the lowest contribution to the peak asymmetry and thus the smallest impact on the resolution of the 500 mm 3 CdZnTe detector was achieved with the digital MCA. Analysis of acquired spectra allowed to reject poor quality measurement runs and produce summed spectra files with the least impact of instrumentation instabilities. This work is preliminary to further studies concerning the development of an isotopic composition determination algorithm particularly suited for CZT and LaBr3 detectors for safeguards applications.
I. INTRODUCTION
NTEREST in the use of detectors based on cadmium zinc telluride (CZT, room temperature compound semiconductor) and LaBr3 (room temperature scintillator) as X-ray and gammaray spectrometers has grown rapidly in recent years 1, 2, 3, 4 . CZT detectors are characterized by a wide energy band gap (Eg~1.6 I. Meleshenkovskii is with the Nuclear Research Center SCK-CEN, B-2400 Mol, Belgium (e-mail: yaroslav.meleshenkovskii@sckcen.be) and Université libre de Bruxelles, Service de Métrologie Nucléaire (CP/165/84).
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Mol, Belgium, (e-mail: alessandro.borella@sckcen.be, klaas.van.der.meer@sckcen.be, michel.bruggeman@sckcen.be). eV) allowing room temperature operation of these detectors, their high atomic number (Zmax=52) yields a high intrinsic efficiency of gamma absorption (and thus a reduced size of the detector 5 . CZT detectors have now been optimized in their design yielding resolution less than 2% at 661 keV ( 137 Cs) for a 10 mm x 10 mm x 5 mm device 6 . LaBr3 detector has a high light output (~60000 photons/MeV), fast response (decay constant <30 ns) and shows good energy resolution (~3% at 662 keV 137 Cs). Finally, the spectral resolution of these detectors is significantly better in comparison with other room temperature detectors, as shown in figure 1. Nuclear safeguards is one of the applications for these detectors because these detectors present a viable alternative to HpGe detectors used for quantitative gamma ray spectroscopy of uranium samples, plutonium samples and spent fuel assemblies 7, 8, 9 . Although neither CZT nor LaBr3 detectors provide the resolution as that of HpGe detectors, they have certain attractive performance features, such as portability, compact design and absence of cryogenics, which make them advantageous for safeguards applications.
Safeguards applications of these detectors require a suitable algorithm for uranium and plutonium isotopic composition determination that would incorporate the spectral particularities of these detectors. Namely, CZT detectors exhibit a peak asymmetry due to incomplete charge collection processes and Instrumentation effects on U and Pu CBNM standards spectra quality measured on a 500 mm 3 CdZnTe and a 2x2 inch LaBr 3 detectors I. Meleshenkovskii, A. Borella, K. Van der Meer, M. Bruggeman, N. Pauly, P.E. Labeau, P. Schillebeeckx for both detectors a high degree of peak overlapping in complex spectra, such as that of plutonium, is a common issue.
To develop such an algorithm it is necessary to investigate the spectrometric performance of these detectors in a wide energy range and acquire spectra of certified uranium and plutonium standards in order to further test and validate the algorithm. The former requires a detector characterization procedure with point sources where peaks are well separated, which allows to quantitatively describe the peak shapes at different energies with a mathematical model and parametrize it 10 . The latter requires measurements with certified uranium and plutonium standards the enrichment or isotopic composition of which are known. However, both routines can be subject to bias introduced by the instrumentation, which may affect both the quality of the characterization procedure and the acquired spectra of standards.
In this paper we first investigate the influence of instrumentation parameters on the spectrometric performance of a 500 mm 3 CZT detector, and then perform a routine that aims to acquire high quality spectra of uranium and plutonium standards in different measurement configurations. Specifically, the impact of the shaping time constant on the spectral resolution and low-energy tailing was investigated.
This work is in the framework of the development of a uranium and plutonium isotopic composition determination algorithm for CZT and LaBr3 detectors for safeguards applications. The current manuscript is organized as follows. In section 2 the methodology, detectors, overview of standards and key instrumentation settings that influence the peak shape are given, section 3 provides the results and section 4 concludes the paper.
II. MATERIALS AND METHODS

A. Methodology
As discussed in the literature 11 , there are three major factors that influence the peak shape of a detector: the statistics of the charge creation processes (1); the completeness of the charge collection processes (2) and electronic noise (3) . The first of these contributions is inherent to each detector material. The second contribution to the resulting peak shape is a characteristic of each detector and depends primarily on the mobility-lifetime properties of charge carriers (electrons and holes) and resulting charge collection efficiency. Incomplete charge collection efficiency creates a low-energy asymmetry and may cause serious distortion to the peak shape. The third contribution due to the electronic noise depends on the leakage current of the detector and its capacitance.
Although, there exist different designs of CZT detectors that aim to minimize the second contribution, such as co-planar grid, steering grid, pixelated and strip designs 12 , the incomplete charge collection remains a problem for medium to large volume CZT detectors. However, the influence of electronic contribution to the peak asymmetry can be minimized by choosing an appropriate pulse shaping time constant and by operating the detector at the high-voltage bias 13 recommended by the manufacturer.
The resolution of LaBr3 detectors is approaching that of some CZT detectors and its peaks do not exhibit an asymmetrical shape 14 . Due to this reason, in the current paper we focus on choosing an appropriate pulse shaping time constant for the CZT detector.
To quantitatively characterize the spectroscopic performance of the CZT detector with different pulse shaping time constants we evaluated the following parameters: energy resolution and peak shape parameter values. The full-width at half maximum (FWHM) of the full-energy peaks was assumed as a measure of the energy resolution of the detector. To allow for quantitative analysis of the pulse shaping time constant influence on the low energy tail, we evaluated the full width at 1/10th of the maximum (FWTM) and the ratio FWTM/FWHM and compared it to that of an ideal Gaussian peak (FWTM/FWHMgaussian =1.82). We evaluated the mentioned parameters for the ROI representing the 569.7 keV gamma line of the 207 Bi source. The spectra were acquired on two types of measurement instrumentation -a digital one and an analogue one.
As suggested in the literature 11 , to monitor the impact of instrumentation instabilities on the spectra quality we measured uranium and plutonium standards in runs of 7200 seconds each. The total number of measurement runs was selected based upon a criterion to acquire no less than 10 5 counts in corresponding ROI for each of the standards after summing assuming rejected runs. Such methodology allows to produce a high quality summed spectrum file for each sample. To allow in-depth analysis of the quality of uranium and plutonium spectra measured on the CZT and LaBr3 detectors we evaluated the following parameters for the ROIs representing the 185.7 keV gamma line of 235 U and 414.3 keV gamma line of 239 Pu for each of the measurement runs: peak centroid, FWHM, net peak area and net peak area uncertainty.
As indicated in the reference 15 : "The peak centroid is calculated as the sum of the background corrected channel contents multiplied by the channel number divided by the sum of the background corrected channel contents in the range of the channels above the photopeak half maximum":
Where i is the channel number, l is the lowest channel above the half maximum, h is the highest channel above the half maximum and Spi are the net contents of channel i.
As indicated in the reference 15 : "The net peak area (1) is calculated as the number of counts above the background in a specified ROI. The background area (2) is determined by averaging 4 points on both sides of the peak (the ROI limit points and 3 outer points) and linear fit":
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Where NPA is the net peak area, BKG is the background, Int is the ROI's integral, Spi is the absolute number of counts in channels i, ROIb is the ROI's start channel, ROIe is the ROI's stop channel and i is the channel number.
As indicated in the reference 15 : "The Full Width at Half Maximum (FWHM) is calculated as the background corrected photopeak's width at one-half of its maximum amplitude. The algorithm first proceeds down one side of the peak until it finds a channel in which counts fall below the half maximum channel. The same algorithm is applied for the other side of the peak. The left and the right FWHM points are the interpolated channels between the counts of the channel below and above the half maximum value". The same algorithm was used to determine the FWTM.
B. Detectors
The CZT detector used was a 10 mm x 10 mm x 5 mm device of a hemispheric design fabricated by RITEC (Latvia) as shown in figure 2 . The high-voltage bias applied to the detector was 1400 V. The LaBr3 scintillator used was a 2x2 inch device fabricated by Saint-Gobain Crystals (France) as shown in figure 3 . The high-voltage bias applied to the detector was 590 V. 
C. Electronics
The analogue electronics used to measure spectra consisted of standard nuclear spectroscopy signal processing chain (charge sensitive preamplifier, linear amplifier and shaper, analogue-to-digital converter) and a data acquisition software DAQ2000 developed by LabView. The schematic diagram of the analogue instrumentation circuitry is shown in figure 4. The analogue instrumentation allowed to vary the pulse shaping time constant in the following range of values: 0.25; 0.5; 1; 2; 4 and 8 µs. The digital instrumentation allowed to vary the pulse shaping time constant in a wide range as well, however in the current paper we investigated the spectrometric performance of the CZT detector at the following values: 0.7 and 1.2 µs.
D. Samples
To characterize the spectroscopic performance of the CZT detector we used a certified 207 Bi source (569.7; 1063 and 1770 keV gamma lines), as shown in figure 6 .
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For uranium measurements we used certified uranium CBNM (Central Bureau for Nuclear Measurements) standards, as shown in figure 7 , of five different enrichment values: 0.31%, 0.71%, 1.94%, 2.95% and 4.46%. Table 1 : Isotopic composition of plutonium standards (*on 1986).
E. Collimators & Attenuators
In order to reduce the impact of scattered photons reaching the detector from the sample and nearby materials, the measurements were conducted with the lead collimators, the exact dimensions of which for CZT and LaBr3 detectors are shown in figures 9 & 10 respectively. The uranium samples were positioned directly on the top surface of the lead collimators for which there were bored seats 81 mm in diameter and 5 mm deep. The sample-to-detector distance was 20 mm. Measurements of plutonium certified standards were conducted in two configurations -with and without lead collimators on both detectors to investigate their impact on the spectra quality. Plutonium standards were positioned in adjustable height holders above the detectors. To reduce the impact of 241 Am 59 keV gamma line on plutonium spectra we used a set of cadmium (1.5 mm thick) and copper (0.5 mm thick) attenuators, as shown in figure 11: 
III. RESULTS AND DISCUSSION
A. Spectroscopic Performance of CZT Detector
We first performed spectroscopic performance assessment of the CZT detector at different pulse shaping time constants on both types of instrumentation for the background corrected ROI corresponding to the 569.7 keV gamma line of the 207 Bi source. We measured the 207 Bi source for 3600 seconds (real time) on both types of instrumentation. The spectrometric performance of the CZT detector at various pulse shaping time constants for the analogue and digital instrumentation is shown in figures 12 and 13 respectively. Results indicate that performance improvement for the CZT detector on analogue instrumentation is achieved starting from 1 μs pulse shaping time constant value, however there is no significant improvement in performance for values exceeding 2 μs. Indeed, at 2 μs pulse shaping time constant on analogue instrumentation the impact on the tailing is reduced by 56% given by the peak shape parameter, compared to the results for 0.25 μs pulse shaping time constant, as indicated in Comparison of digital and analogue instrumentation performance between each other for the 569.7 keV ROI of the 207 Bi source is given in figure 14 . Indeed, it is evident that the digital MCA with 1.2 μs pulse shaping time constant exhibits less electronic impact on the resolution and tailing of the CZT detector peak shape. 
B. Stability of CZT and LaBr3 Detectors
For the measurements of uranium and plutonium standards we used 1.2 μs pulse shaping time constant for the CZT detector on the digital MCA and 0.25 μs pulse shaping time constant for the LaBr3. These settings allowed to achieve good throughput of the analogue pulse processing chain coupled with the LaBr3 detector considering its high efficiency and to minimize the deadtime to less than 2% on the CZT detector coupled with the digital MCA. The sample-to-detector distances used for plutonium measurements are given in table 4.
To investigate the time stability of the CZT and LaBr3 detectors during the measurements of uranium and plutonium standards we evaluated the following parameters for each measurement run: peak centroid, FWHM, net peak area and net peak area uncertainty, as shown, for example, for the CBNM-031 uranium sample in figures 15, 16 and 17 respectively. For this purpose, the corresponding Matlabbased programs were developed from scratch; they accept the Table 4 : Sample-to-detector distance for plutonium measurements. In order to reject poor quality spectra the rejection criteria based on the 95.5% confidence interval for the net peak area values, ±1 channel centroid drift for the 185.7 keV gamma-line of 235 U and ±2 channels centroid position drift for the 413.4 keV gamma-line of 239 Pu were adopted. For each standard measured we calculated the mean value of the observed net peak area values for all measurement runs and set the minimum and maximum limits for the net peak area values in corresponding ROIs based on the two sigma interval around that mean value. Those files whose observed net peak area values fall out of this interval, as well as spectra files with significant centroid position drift in corresponding ROIs, were rejected. Spectra that satisfy the criteria were used to produce the summed spectrum file for each given standard. The statistical details of the summed spectra files for all CBNM standards measured are given in tables 5, 6, 7, 8, 9 Table 10 : LaBr3 summed plutonium spectra results, with lead.
Where Total m. time is the total measurement time, N. r. runs is the number of rejected runs, Cor. M. time is the corrected measurement time and NPA is the net peak area.
IV. CONCLUSION
Measurements of uranium and plutonium certified standards were conducted on two detectors -a 500 mm 3 CZT semiconductor detector and a 2x2 inch LaBr3 scintillator.
Asymmetrical peak shape of a CZT detector can be quite sensitive to the electronic noise introduced by the pulse processing chain. This can negatively influence the quality of acquired spectra. To reduce the impact of the electronic noise on the spectra quality we first investigated the spectrometric performance of a 500 mm 3 CZT detector of hemispheric design at different settings of the pulse shaping time constant on two types of instrumentation -a digital one and an analogue one. The results indicated that asymmetrical peak shape of a CZT detector is very sensitive to the pulse shaping time constant value and best results were achieved with the digital MCA. The LaBr3 detector does not have an asymmetrical peak shape, however its resolution is worse than that of CZT in the whole range of energies.
To analyze the stability of both detectors during the measurements of uranium and plutonium standards we performed measurements in runs of 7200 seconds each. Such methodology allowed us to reject poor quality spectra and to produce the summed spectra files based on the measurement runs that satisfy the rejection criteria. The results of uranium measurements indicate that both detectors showed quite strong gain drift, especially during the long-term measurements of low enriched uranium standards. The observed fluctuations of the net peak area values in the ROI corresponding to the 185.7 keV gamma-line of 235 U were smaller. The results of plutonium measurements indicate strong gain drift on the LaBr3 detector coupled with the analogue instrumentation. Thus, the number of rejected measurement runs was higher for the LaBr3 detector in comparison with the CZT detector. CZT detector coupled with the digital MCA showed better stability in measurements with and without lead collimators during the measurements of plutonium standards.
The results of this study will be further used for the development of a uranium and plutonium isotopic composition determination algorithm particularly suited for CZT and LaBr3 detectors for safeguards applications. The produced spectra of EPJ Web of Conferences 170, 07007 (2018) https://doi.org/10.1051/epjconf/201817007007 ANIMMA 2017 uranium and plutonium standards will be added to the ESARDA database.
